Critical thermoelectric parameters including Seebeck coefficient, electrical conductivity, thermal conductivity and figure of merit ZT of one-dimensional coaxial Bi 2 Te 3 /Sb 2 Te 3 nanocomposite were modeled by following the single carrier pocket and sharp interface assumptions. A calculation scheme based on Landauer approach, instead of commonly used Boltzmann transport equation (BTE) with relaxation time approximation, was adopted to numerically obtain the transmission functions which can be used to evaluate thermoelectric properties. Considerable enhancement of ZT was obtained through our modeling and numerical calculation, and the corresponding dependence of thermoelectric performance on structure parameters was studied. Finally, the efficiency at the maximum power condition for this 1-D system was also investigated.
As the demand for renewable energy resources increases dramatically over the last decade, the development of high-performance thermoelectric (TE) materials and related devices, which can be used to convert waste heat to electricity, has been attracting broader and greater interest.1 Enhancing the thermoelectric figure of merit ZT in bulk materials remains difficult due to the inherent inter-couplings between three major physical parameters that determine ZT, namely, Seebeck coefficient |S|, electrical conductivity σ and thermal conductivity κ. Alternatively, low-dimensional nanostructured materials have been suggested to be promising candidates for improving thermoelectric efficiency based upon the proposed advantageous properties including the increased phonon scattering due to the high density of interfaces for reducing phonon thermal conductivity and the sharp features of electronic density of states for improving thermopower, which are absent in their bulk counterparts. 1 Thus, both theoretical and experimental studies of the thermoelectric properties of lowdimensional material systems such as superlattice and quantum dots have been pursued extensively.
1−4
Being one of the efforts to implement 1-D thermoelectric materials with high ZT value using low-cost methods, core/shell nanocomposite structures have considerable potentials for tailoring electrical and thermal properties for practical device applications.
5−8 However, very few theoretical studies of these coaxial-type nanostructures have been reported. In the present study, we are herein trying to extend the general framework of thermoelectric modeling to 1-D core/shell structures to demonstrate optimal thermoelectric figures of merit by investigating the microscopic electronic and thermal transport properties of coaxial nanocomposites, which can potentially provide better understandings and reliable predictions of intrinsic properties of thermoelectric nanomaterials. Bi 2 Te 3 /Sb 2 Te 3 heterostructure, a well-known material system which has already shown outstanding thermoelectric properties in its superlattice structure, 9 was chosen for this study. Fig. 1 (a) shows the schematic configuration of this coaxial nanocomposite whose total diameter is w, consisting of a Bi 
where L and A are length and area of a diffusive conductor where electrical and thermal conductance G and K e scale with length and can be expressed as electrical and thermal conductivity σ and κ respectively for convenience, and
withT e (E)=(λ e (E)/L)M e (E) defined as the so-called transmission function, 15 λ e (E) being the mean-free-path for back-scattering of an electron with energy of E, M e (E) being the density of electron modes (DOEM) at energy E, 16 and f being the Fermi function in the
. It is worth noting that λ e (E)/L is an approximate form of λ e (E)/(λ e (E)+L) in the diffusive limit. Furthermore, DOEM M e (E) in the Landauer formalism can be related to the electronic bandstructure and is essentially the product of the carrier velocity and the density of states (DOS). For 1-D nanowire case, assuming that a single parabolic subband is occupied, the density of electron modes can be evaluated by
where Θ is the unit step function and ε 1 is the bottom of the first subband. On the other hand, the Landauer expression for phonon (lattice) thermal conductivity can be obtained through a similar treatment of phonons on a frequency by frequency basis:
Here the photon transmission function can be written asT
being the mean-free-path for back-scattering of a phonon with a frequency ω and M p (ω)
being the density of phonon modes (DOPM) at a given frequency with a 1-D form of
where ω i(f ) is the lower (upper) frequency limit of the first subband.
In order to verify the validity of our calculation schemes, a proof-of-concept comparison between our calculations and experimental observations are showed in Figure 1 to explain the physical mechanism of calculated ZT behaviors. Compared with its bulk counterpart, the calculated noticeably higher electrical conductivity σ with the peak value of ∼1.6×10 7 /Ωm and enhanced Seebeck coefficient |S| up to ∼600 µV /K can be obtained ( Fig. 2(b) and (c)), which is not surprising since the proposed sharp features in the electron density of states in 1-D systems due to the quantized electron motion perpendicular to the potential barrier are expected to produce increased electrical conductivity. The clear size dependences of both electrical conductivity and Seebeck coefficient, as shown in the contour plots, are believed to arise from the diameter modulated quantum confinement effects on the electronic band-structure of studied coaxial structure. Essentially, the separations between quantized energy levels and the consequent quantum effects reach their maxima at a small diameter value of ∼7.5 nm, and then decrease starkly when w further increases, resulting in the strong diameter modulation of σ and |S|. On the other hand, the Fermi energy dependence of shows that σ and |S| values peak near the band edges and decrease when the Fermi level E f further moves into the band. This E f dependence can be explained by realizing the opposite contributions to electrical conductivity and Seebeck coefficient from energy levels above and below Fermi level. The density of electron modes on both sides of E f will approach balanced when E f moves further into the bands, leading to a decreased net contribution to thermoelectric transport properties. A similar mechanism also applies in size and Fermi level dependence of thermal conductivity, especially the electronic contribution κ el . The peak value of κ el matches the highest density of electron modes (DOEM), as predicted by the expression given above, while the maximum κ el value observed when E f locates in the band-gap can be explained by ambipolar heat conduction mechanism arising from the unequal energy flow carried by the balanced electron flow within each band.
The temperature dependence of the calculated figure of merit and Seebeck coefficient of Bi 2 Te 3 /Sb 2 Te 3 coaxial nanostructure has also been studied and plotted respectively along with that of bulk materials. The observed strong decreases of Seebeck coefficients (Fig. 3(b) ) for bulk Bi 2 Te 3 and Sb 2 Te 3 materials when T>300 K are believed to be a result of conductivity transition from doped to intrinsic nature at relatively high temperatures, while both the excess carriers and quantum confinement shift the peak value of nanostructure Seebeck coefficient to higher temperatures with respect to that of bulk materials by suppressing the intrinsic conductivity. Moreover, the differences in magnitude of |S| and peak temperature for nanostructures with different wire cross sections and Fermi energy positions apparently result from the size and energy level dependence of quantum effect. Similarly, it's not difficult to understand the ZT behavior in the presented temperature range, as shown in Fig.   3(a) , by accounting for the temperature dependence of |S|, σ and κ To predict the practical performance of Bi 2 Te 3 /Sb 2 Te 3 core/shell heterostructure, a generic thermoelectric device configuration consisting of a cold and a hot electron reservoir obeying a Fermi-Dirac contribution is considered, as shown in Fig. 4(a) , where a symmetrical applied voltage difference is assumed for simplicity. 19 The two reservoirs are connected by the coaxial nanostructured TE device characterized by its transmission function, and the thermoelectric power will be generated when high-energy electrons move from the hot side to the empty states on the cold side. Besides, the temperatures for both sides were fixed to be T C =300 K and T H =360
K (∆T /T = 0.2) for efficiency and power calculations in telluride-based 1D nanostructures.
In addition to the thermoelectric efficiency (η), the efficiency at maximum power (η maxP ) under finite current condition has also been evaluated. The results in Fig. 4(b) show that the calculated η, η maxP and P max (scatters) from transmission function approach match the solid lines obtained using traditional ZT -based evaluations. 20 All the three quantities increase with increasing thermoelectric figure of merit, and the structure with the highest ZT of ∼12 corresponds the highest achievable η of 88%*η C and η maxP of 50%*η C , approaching the Curzon-Ahlborn limit, the thermodynamically maximum efficiency under maximum condition.
In 
